Introduction
============

Neuropsychological evaluation is a very important tool to characterize cognitive abnormalities in patients with temporal lobe epilepsy (TLE).^[@B1]^ Memory disorders in patients with refractory TLE are believed to reflect pervasive damage in the medial temporal memory system.^[@B2]^ Most of the neuropsychological test batteries used in patients with intractable TLE have focused on evaluation of material-specific memory functions (verbal information in the left \[Lt\] temporal lobe and visual information in the right \[Rt\] temporal lobe) to assist in the determination of seizure lateralization/localization, as well as in the demonstration of post-surgical changes in these material-specific memory functions.^[@B3]^

Material-specific memory impairment can indicate lateralized temporal lobe dysfunction. It is theoretically conceivable that verbal memory impairment suggests damage in the Lt temporal lobe, and that visual memory impairment suggests damage in the Rt temporal lobe. However, although dysfunction of the Lt temporal lobe has a strong and well-characterized relationship with impairment of verbal episodic memory, dysfunction of the Rt temporal lobe shows a far less consistent relationship with non-verbal or visuospatial memory.^[@B4],[@B5]^

When interpreting neuropsychological test in clinical situation, it is important to characterize patterns of memory deficits occurring in "individual" patients, because substantial individual variability exists in the test scores.^[@B6]--[@B8]^ Moreover, prediction of post-operative cognitive outcome must consider "meaningful" improvement or worsening of cognitive function in individual patients, because spurious improvement due to practice effect can occur on repeated testing.^[@B5]^ To overcome the problem, setting optimal cut-off scores is needed for assessing the impact of surgery on cognitive function.

This study was aimed to characterize patterns of material-specific memory impairment and their post-operative changes in individual patients with mesial TLE, and to investigate predictors for memory outcome after surgery.

Methods
=======

This study was approved by the Tohoku University Hospital ethics committee (2010--187).

Subjects
--------

This study included consecutive 84 patients with drug-resistant TLE caused by unilateral hippocampal sclerosis (HS) who underwent surgery at our institution between 1998 and 2012. All patients underwent comprehensive pre-surgical evaluations including brain magnetic resonance imaging (MRI), long-term video-electroencephalography (EEG) monitoring, neuropsychological evaluation, and functional imaging as necessary. All patients satisfied the clinical characteristics of mesial TLE,^[@B9],[@B10]^ and pre-operative MRI findings indicated HS as the only etiology of epilepsy. Patient characteristics are summarized in [Table 1](#T1){ref-type="table"}. The Lt and Rt TLE groups showed no significant differences in age during surgery, sex, epilepsy onset, seizure freedom, and handedness. The histological diagnosis of HS was established in all cases.

Pre-surgical evaluations
------------------------

The imaging diagnosis of HS was based on the findings of obvious volume loss on the coronal section perpendicular to the hippocampal axis and increased intensity on T~2~-weighted and fluid-attenuated inversion recovery MRI of the unilateral hippocampus. 1.5-T and 3-T MRI systems were used in 62 and 22 patients, respectively. Patients with concomitant extra-hippocampal epileptogenic lesion (dual pathology) and/or ambiguous hippocampal pathology were excluded from the study.

Long-term video-EEG recording was performed for 4--7 days to detect at least one episode of habitual seizures. International 10--20 electrode placement and additional anterior temporal electrodes were used. Invasive evaluation with subdural grid and/or strip electrodes was performed in 12 patients. Interictal fluorodeoxyglucose positron emission tomography, interictal single-photon emission computed tomography, and magnetic source imaging were performed to confirm the diagnosis in 22 (26%), 63 (75%), and 67 (80%) patients, respectively.

Neuropsychological evaluation
-----------------------------

All patients underwent cognitive assessments before and at 1 year after surgery. Memory and intellectual functions were evaluated with the Wechsler Memory Scale-Revised (WMS-R) and Wechsler Adult Intelligence Scale-Revised (WAIS-R), respectively. We defined significant "material-specificity" in memory function as 13 points or more difference between verbal and visual memory indices on WMS-R based on the normative data for people of age between 35 and 44 years.^[@B11]^ Accordingly, patients whose verbal memory index was 13 points or more lower than visual memory index and vice versa were diagnosed as having verbal dominant memory impairment (Verb-D) or visual dominant memory impairment (Vis-D), respectively. To evaluate post-operative changes in cognitive functions, we defined meaningful improvement and worsening as gains in an index of \>12 and declines in an index of \>7, respectively. These cut-off scores were set according to the previous studies in which practice effects with 2.15 ± 10.09 points gain were observed in repeated administration of the test.^[@B12],[@B13]^

Surgical treatment
------------------

Anterior temporal lobectomy with amygdalohippocampectomy was performed in 75 patients. The antero-inferior temporal lobe was removed by up to 35 mm in the dominant side and 45 mm in the non-dominant side from the tip of the temporal lobe, then the inferior horn of the lateral ventricle was opened. The amygdala was aspirated subpially to the level of the anterior choroidal artery or optic tract. The mesial temporal structures including the hippocampus and parahippocampal gyrus were removed en bloc, and further aspirated to the level of the superior colliculus in the anterior--posterior direction.^[@B14]^

Transsylvian selective amygdalohippocampectomy was performed in nine patients treated after 2010. After standard fronto-temporal craniotomy, the proximal sylvian fissure was opened and a 15-mm long cortical incision was made parallel to the proximal middle cerebral artery, and the inferior horn of the lateral ventricle was reached through the trans-amygdala route. The mesial temporal lobe structures were removed to the level of the superior colliculus.^[@B15]^

Histological examination
------------------------

Hippocampal tissue sufficient for histological diagnosis was obtained from all patients. The resected specimens were qualitatively assessed for pattern of cell loss and gliosis in hippocampal subfields CA1 and CA3, and in the dentate gyrus.

Post-operative course
---------------------

Patients were discharged and followed up while receiving therapeutic dosages of the same antiepileptic drugs as given pre-operatively. Termination of antiepileptic drugs was not attempted at 1 year post-operatively in all patients. Post-operative seizure outcome was evaluated using Engel's classification. One year after surgery, 28 patients (68.3%) had achieved seizure freedom (Class I), 7 had rare seizures (Class II), and 6 had worthwhile improvement (Class III) in the Lt TLE group. Thirty-two patients achieved seizure freedom (74.4%), 4 had rare seizures, and 7 had worthwhile improvement in the Rt TLE group. No significant differences were found in the outcomes of seizure freedom between the Lt and Rt TLE groups.

Statistical evaluation
----------------------

The data were analyzed using JMP software, version 10. Comparison of clinical characteristics including sex, handedness, type of surgery, and seizure outcome between the Lt and Rt TLE groups were performed using Fisher's exact test. Comparisons between pre- and post-surgical neuropsychological performance in each group were performed using the paired *t*-test. Repeated measures analysis of variance (ANOVA) was used to examine the main effects of memory materials (verbal or non-verbal) and the sides of lesion/resection (Rt or Lt), and the interaction between the two factors on pre-operative memory performance and post-operative changes in memory performance. Multiple logistic regression analysis was performed to investigate the impact of pre-operative cognitive functions (WAIS-R FIQ and WMS-R general memory index), epileptogenic sides and other clinical variables (age of onset, duration of epilepsy, types of surgery, and post-operative seizure outcome) on post-operative memory improvement (post-operative gain in WMS-R general memory index \>12).

Results
=======

[Table 2](#T2){ref-type="table"} summarizes the pre- and post-operative neuropsychological indices in the Lt and Rt TLE groups. Neuropsychological indices were generally significantly improved at group level except for verbal IQ after both left- and right-side surgery and verbal memory after left-side surgery.

Pre-operative patterns of memory impairment
-------------------------------------------

Pre-operatively, Verb-D was the most common type of impairment in both the Lt and Rt TLE groups, but was more frequent in Lt TLE group (27 patients, 65.9%) than in Rt TLE group (21 patients, 48.8%) ([Fig. 1](#F1){ref-type="fig"}). Vis-D was infrequent in both the Rt TLE group (5 patients, 11.6%) and Lt TLE group (3 patients, 7.3%). No clear material specificities were observed in 11 patients (26.8%) of the Lt TLE group and in 17 patients (39.5%) of the Rt TLE group. Two-way repeated ANOVA demonstrated a significant effect of memory materials (F = 69.33, *P* \< 0.0001) but not of epileptogenic sides (F = 1.887, *P* = 0.1732), in which verbal memory index was lower compared to visual memory index ([Fig. 2](#F2){ref-type="fig"}). A significant interaction between memory materials and epileptogenic sides was observed (F = 5.725, *P* = 0.019). Post-hoc pair-wise comparisons demonstrated that verbal memory index was lower in patients with left-side epilepsy compared to those with right-side epilepsy.

Post-operative memory changes
-----------------------------

While post-operative gains in the mean verbal memory index were 3.36 in the Lt TLE group and 5.00 in the Rt TLE group ([Table 2](#T2){ref-type="table"}), meaningful improvement was observed in 12 patients (29.3%) and in 10 patients (23.3%), respectively, and meaningful worsening was observed in 11 patients (26.8%) and in 4 patients (9.3%), respectively ([Fig. 3](#F3){ref-type="fig"}). While post-operative gains in the mean visual memory index were 6.07 in the Lt TLE group and 6.07 in the Rt TLE group, meaningful improvement was observed in 15 patients (36.6%) and in 10 patients (23.3%), respectively, and meaningful worsening was observed in 7 patients (17.1%) and in 4 patients (9.3%), respectively.

Paired *t*-tests demonstrated significant post-operative improvement in visual memory index in the Lt TLE group and in both verbal and visual memory indices in the Rt TLE group ([Table 2](#T2){ref-type="table"}). The two-way repeated ANOVA did not demonstrate any significant effects of memory materials (F = 1.22, *P* = 0.2727) or epileptogenic sides (F = 0.1204, *P* = 0.7295), indicating that post-operative memory improvement was equivalent between the Rt and Lt TLE groups and between verbal and visual materials ([Fig. 4](#F4){ref-type="fig"}).

Multiple logistic regression analysis showed that only the type of surgery affected post-operative improvement in general memory ([Table 3](#T3){ref-type="table"}), in which selective surgery was a factor for post-operative memory improvement. However, pre-operative memory indices were lower in the patients who underwent selective amygdalohippocampcetomy compared with those who underwent anterior temporal lobectomy (data not shown), suggesting that co-linearity between pre-operative memory indices and type of surgery possibly biased the results. When the analysis was limited to the patients who underwent anterior temporal lobectomy, no clinical factors predicted post-operative improvement in general memory ([Table 4](#T4){ref-type="table"}).

Discussion
==========

This study showed that verbal dominant memory impairment was most common in both Lt and Rt TLE with HS, although verbal dominant impairment was relatively more frequent in Lt TLE and visual dominant impairment was infrequent. Verbal memory index was lower than visual memory index in both Lt and Rt TLE, and more severe impairment of verbal memory was associated with Lt TLE. Post-operative memory indices showed significant improvement after surgery, except for verbal memory in Lt TLE. However, meaningful improvement in memory indices was experienced by 20% or more of patients with both Lt and Rt TLE, and laterality of epilepsy and memory materials were not associated with post-operative memory improvement.

This findings are consistent with previous reports of pre-operative memory function and post-operative change.^[@B16]^ In our study, the Lt TLE group had worse pre-operative verbal memory compared to the Rt TLE group. Verbal memory deficit was the most frequent finding in patients with Lt TLE, whereas, visual memory deficit was infrequent even in patients with Rt TLE. A key concept in assessing the function of each temporal lobe "independently" is the material-specificity principle, which proposes that verbal memory is a function of the Lt temporal lobe and visual or spatial memory is a function of the Rt temporal lobe.^[@B17]^ The material-specificity principle generally holds true, especially with respect to verbal memory,^[@B18]^ but has lower reliability for identifying the laterality of dysfunction.^[@B5],[@B19]^ The sensitivity of verbal memory tests to Lt mesial temporal damage varies across instruments, suggesting that verbal memory is not a unitary construct. For instance, patients with Lt TLE, but not patients with Rt TLE, have impaired memory for word pairs but intact memory for prose passages.^[@B20]^ Some studies show a relationship between Rt TLE and visual memory,^[@B21]^ but other studies do not or find impairments of similar magnitude in both Lt and Rt TLE.^[@B22]^

In this study, both Lt and Rt TLE groups showed significant post-operative improvement in memory indices in general, except for verbal memory after left-side surgery. As functional inadequacy of the brain to be resected is crucial to good cognitive outcome,^[@B6]^ the presence of HS suggests that the ipsilateral temporal lobe was adequately dysfunctional so that the removal do not carry significant and specific risks for post-operative deterioration.^[@B23]^ Patients who had undergone Lt anterior temporal lobectomy without significant sclerosis in the resected hippocampus had greater risk of deterioration in verbal memory, because the resected hippocampus had reasonably good function.^[@B24]^ Therefore, our findings suggest that patients with TLE and unilateral HS have low risk for post-operative impairment in memory indices regardless of the side of surgery.

Improvement in overall memory indices is less common and may even be less correlated with good seizure outcome.^[@B25],[@B26]^ Improvement in neuropsychological function may be influenced by the reduction in seizure frequency after surgery.^[@B25]^ This logistic regression analysis failed to demonstrate an impact of post-surgical seizure freedom on memory improvement. This finding is probably related to the selection of the patient population. This study included patients with unilateral HS and no other epileptogenic lesion, which is associated with excellent and less variable seizure outcome after surgery. Successful removal of the epileptogenic tissue may reduce the amount of both ictal and interictal epileptic activities, resulting in preservation of the function of the surrounding tissues.^[@B25]^

Most patients showed no meaningful post-operative changes in memory indices. Importantly, meaningful improvement was observed more frequently than worsening, although worsening was relatively frequent in the verbal memory after left-sided surgery. Similar outcomes were reported in patients undergoing temporal lobe surgery,^[@B27]^ but worsening was more frequent than improvement, possibly because patients with various etiologies were included, not limited to those with only unilateral HS. Infrequent worsening of memory function is probably related to excellent seizure control in our patient cohort. Cognitive changes should be evaluated at individual level for outcome prediction,^[@B6],[@B7]^ although many previous studies focused on cognitive changes at group level.

Type of surgery may influence post-operative cognitive outcome. In our study, selective amygdalohippocampectomy was an only predictor for post-operative improvement of general memory. However, careful interpretation is necessary because only nine patients during the last study period were indicated for selective surgery, and those patients had lower pre-operative memory indices than others. Selective surgery is theoretically better for cognitive outcome, but consistent results have not been reported and its advantage is often marginal probably because of "collateral" damage made by surgical approach, i.e. cut of temporal stem fibers.^[@B16]^

Our study has a limitation in the method defining meaningful differences and changes in memory indices. Significant difference and changes were defined in this study after the standard deviation obtained from the previous studies. Empirically based techniques, such as the reliable change index and standardized regression-based change scores, provide more accurate and reliable risk estimates. Reliable change indexes of WMS-R verbal memory score and visual memory score were 16.67 and 16.46 for the 90% confidence interval, respectively.^[@B8]^ Therefore, an individual memory score must change from baseline by 17 points to be considered significant (*P* \< 0.05). This provides more strict criteria for meaningful changes than our study. Further correlation of the criteria to quality of life should be established.

Conclusion
==========

Verbal dominant memory impairment is most commonly observed in patients with both Lt and Rt TLE associated with HS, although verbal dominant impairment is relatively frequent in Lt TLE and visual dominant impairment is infrequent. Hippocampectomy can improve memory indices in such patients regardless of the side of surgery and the function impaired.
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![Pre-operative patterns of memory impairment. *Bar graphs* showing the population of patients with verbal dominant memory impairment (Verb-D in *dark gray*), visual dominant memory impairment (Vis-D in *gray*), and no material-specific memory impairment (*light gray*). Verbal dominant memory impairment was the most common type of memory impairment in both Lt and Rt TLE groups.](nmc-56-716-g1){#F1}

![Pre-operative verbal and visual memory indices in the Lt and Rt TLE groups are shown in *bar charts* showing means and standard deviations. Verbal memory indices are lower than visual memory indices in both groups. Two-way repeated measures ANOVA demonstrated a significant effect of memory materials, but not of epileptogenic sides. A significant interaction was found between memory materials and epileptogenic sides, in which verbal memory index was lower in the Lt TLE group than in the Rt TLE group.](nmc-56-716-g2){#F2}

![Patterns of post-operative memory changes. *Bar graphs* showing the population of patients with meaningful improvement (*dark gray*), meaningful worsening (*gray*), and no meaningful changes (*light gray*) in verbal memory scores (*upper graphs*) and visual memory scores (*lower graphs*). Meaningful improvement of verbal memory was observed in 29.3% of patients with Lt TLE and in 23.3% of patients with Rt TLE, and meaningful worsening was observed in 26.8% of patients with Lt TLE and in 9.3% of patients with Rt TLE. Meaningful improvement of visual memory was observed in 36.6% of patients with Lt TLE and in 23.3% of patients with Rt TLE, and meaningful worsening was observed in 17.1% of patients with Lt TLE and in 9.3% of patients with Rt TLE.](nmc-56-716-g3){#F3}

![Post-operative changes of verbal and visual memory indices in the Lt and Rt TLE groups are shown in *boxplots*. Positive values indicate post-operative gains in memory indices. Two-way repeated measures ANOVA demonstrated no significant effects of memory materials and epileptogenic sides, indicating that post-operative memory changes were equivalent between the Rt and Lt TLE groups and between verbal and visual materials.](nmc-56-716-g4){#F4}

###### 

Patient characteristics

                                                            Lt TLE (n = 41)   Rt TLE (n = 43)   *P* value
  --------------------------------------------------------- ----------------- ----------------- -----------
  Sex (female:male)                                         26:15             21:22             n.s.
  Handedness (Rt:Lt:Ambi)                                   39:0:1            40:3:0            n.s.
  Age at surgery[^\*^](#TFN1){ref-type="table-fn"}, years   38.2 ± 12.0       38.3 ± 9.9        n.s.
  Epilepsy onset[^\*^](#TFN1){ref-type="table-fn"}, years   10.8 ± 5.9        10.9 ± 6.8        n.s.
  Type of surgery (ATL:SAH)                                 37:4              38:5              n.s.
  Seizure freedom after surgery (%)                         68.3              74.4              n.s.

Values are means ± standard deviation. Ambi: ambidextrous, ATL: anterior temporal lobectomy, n.s.: not significant, SAH: selective amygdalohippocampectomy.

###### 

Pre- and post-operative neuropsychological scores in patients with Lt and Rt TLE

                     Lt TLE (n = 41)   Rt TLE (n = 43)                                             
  ------------------ ----------------- ----------------- -------- --------------- ---------------- --------
  WAIS-R                                                                                           
    Verbal IQ        77.32 ± 15.03     79.37 ± 14.67     n.s.     81.36 ± 15.75   82.72 ± 16.91    n.s.
    Performance IQ   81.54 ± 15.26     90.18 ± 18.66     \<0.01   85.22 ± 18.12   92.03 ± 20.67    \<0.01
    Full scale IQ    76.02 ± 15.68     81.88 ± 16.45     \<0.01   83.05 ± 17.41   88.16 ± 20.18    \<0.01
  WMS-R                                                                                            
    Verbal memory    72.1 ± 15.67      75.46 ± 14.32     n.s.     81.77 ± 18.32   86.77 ± 20.6     \<0.01
    Visual memory    94.22 ± 20.91     100.29 ± 17.98    \<0.05   94.02 ± 18.57   100.09 ± 15.59   \<0.01
    General memory   74.44 ± 17.49     79.22 ± 15.28     \<0.05   83.12 ± 19.61   88.6 ± 20.25     \<0.01

Values are means ± standard deviation. n.s.: not significant, WAIS-R: Wechsler Adult Intelligence Scale-Revised.

###### 

Multiple logistic regression analysis of the relationship between post-operative improvement in general memory and pre-operative clinical factors

  Factors                                      *P* value
  -------------------------------------------- --------------------------------------
  Laterality of epilepsy                       0.62
  Age at onset of epilepsy (year)              0.06
  Duration of epilepsy (year)                  0.85
  Seizure freedom at 1 year                    0.32
  Pre-operative full scale IQ (WAIS-R)         0.75
  Pre-operative general memory index (WMS-R)   0.12
  Type of surgery (ATL or SAH)                 0.01[\*](#TFN3){ref-type="table-fn"}

*P* \< 0.05. WAIS-R: Wechsler Adult Intelligence Scale-Revised, WMS-R: Wechsler Memory Scale-Revised, ATL: anterior temporal lobectomy, SAH: selective amygdalohippocampectomy.

###### 

Multiple logistic regression analysis of the relationship between post-operative improvement in general memory and pre-operative clinical factors in the patients who underwent anterior temporal lobectomy

  Factors                                      *P* value
  -------------------------------------------- -----------
  Laterality of epilepsy                       0.86
  Age at onset of epilepsy (year)              0.14
  Duration of epilepsy (year)                  0.36
  Seizure freedom at 1 year                    0.44
  Pre-operative full scale IQ (WAIS-R)         0.83
  Pre-operative general memory index (WMS-R)   0.17

*P* \< 0.05. WAIS-R: Wechsler Adult Intelligence

Scale-Revised, WMS-R: Wechsler Memory Scale-Revised.
